In experiments on isolated kidney and liver mitochondria, it is shown that oleate hydroperoxide induces a much smaller increase in the controlled respiration rate and ΔΨ decrease than the same concentrations of oleate. Palmitate appears to be less efficient than oleate but more efficient than oleate hydroperoxide. In all cases, GDP and CAtr cause some recoupling, CAtr being more effective. Addition of 0.2 mM GDP before CAtr does not prevent further ΔΨ increase by subsequent CAtr addition. On the other hand, GDP added after CAtr is without any effect. GDP partially prevents the ΔΨ lowering by ADP at the State 4 -State 3 transition if small amounts of CAtr are present. The data are consistent with the suggestion of F. Goglia and V.P. Skulachev (FASEB J. 17, 1585(FASEB J. 17, -1591(FASEB J. 17, , 2003 that fatty acid anions are translocated by mitochondrial anion carriers much better than their hydroperoxides. As to GDP recoupling, it cannot be regarded as a specific probe for uncoupling by UCPs since it can be mediated by the ATP/ADP antiporter.
Introduction
The fatty acid-induced uncoupling in mitochondria is known to be mediated by some anion carriers (for review, see [1] ). For most of these carriers, e.g., for the ATP/ADP antiporter, this uncoupling looks like a function additional to the major one, i.e., translocation of anionic substrates such as ATP and ADP. On the other hand, an uncoupling resulting in heat generation via fatty acid-mediated increase in the inner membrane proton conductance seems to be the only function of UCP1 in brown fat mitochondria. According to the fatty acid cycle hypothesis, UCP1 and the ATP/ADP anti-porter participate in an uncoupling process by facilitating the efflux of fatty acid anions through hydrophobic barrier of the inner mitochondrial membrane [2] .
It is well established that proton conductance induced by UCP1 in the presence of fatty acids is suppressed by GDP, GTP, ADP, and ATP (for reviews, see [3, 4] ). Similar properties are inherent in a number of minor uncoupling proteins (e.g., UCP2 and 3) discovered during recent years (for reviews, see [1, 5] ). It should be emphasized that the protonophorous effect of these new UCPs and their regulation have been studied mainly in experiments on UCPcontaining proteoliposomes ( [6] [7] [8] and Refs. within). Investigations of minor UCPs in mitochondria are very difficult since, in contrast to UCP1, their concentrations in the mitochondrial membrane are extremely low.
Usually, uncoupling effect of UCPs is identified by its inhibition with GDP (see, e.g., [9, 10] ). On the other hand, a possible contribution of such anion carriers as the ATP/ADP antiporter should be taken into account when the mechanism of the GDP recoupling is studied. In recent studies on the recoupling activity of GDP, a pronounced recoupling effect of carboxyatractylate (CAtr), a highly specific and powerful inhibitor of the ATP/ADP antiporter, was also found [10] [11] [12] .
The ATP/ADP antiporter is involved in the fatty acid-induced uncoupling in all studied mitochondria [for review, see [1] ] if the incubation medium pH is not too low (for liver mitochondria, higher than 7.0 [13] ). The ADP/ATP antiporter is very specific not only to transporting but also to binding of nucleotides, so guanine nucleotides bind to the antiporter with much lower affinity than ADP [14] . On the face of it, this fact argues against the involvement of the ATP/ADP antiporter in the GDP-induced recoupling of the fatty acid-uncoupled mitochondria. However, it remains to be studied whether this is true for the antiporter in the presence of LOOHs that were shown to change some properties of the ATP/ ADP antiporter (see Refs. in [15] [16] [17] ). Moreover, recoupling by GDP is studied at 0.5-1 mM concentrations of the nucleotide. This is much higher than the binding constant for ADP of the ATP/ ADP antiporter.
In several recent publications, hypotheses concerning interactions of the minor UCPs with LOOHs have been presented. Brand and colleagues suggested that LOOHs activate UCPs [9, 10] and that the main role of reactive oxygen species (ROS) consists here in induction of lipid peroxidation [9, 10, 16] . According to a hypothesis of Goglia and Skulachev [18] , UCPs, but not the ATP/ADP antiporter, can transport fatty acid hydroperoxide anions from matrix to intermembrane space. The authors proposed also that fatty acid hydroperoxides in their neutral form cross the inner mitochondrial membrane with a much lower rate compared with fatty acids due to the presence of the -OOH group [18] . Later, however, Jezek, Garlid, and colleagues found that linoleic acid hydroperoxide, like non-oxidized linoleic acid, causes a fast flipflop-dependent acidification of liposomes. Their experimental data with UCP2-containing proteoliposomes suggest that this hydroperoxide increases proton conductance of the proteoliposomal membrane [8] .
In the present study, we have found that (i) oleic acid hydroperoxides are much weaker uncouplers than oleic acid in kidney and liver mitochondria, (ii) GDP and CAtr recouple mitochondria uncoupled by oleate, (iii) CAtr being added before GDP completely prevents the GDP-induced recoupling, and (iv) GDP partially prevents the Ψ-lowering effect of ADP at the State 4 -State 3 transition if the ATP/ADP antiporter becomes the ratelimiting step due to addition of small amount of CAtr. The first observation is in line with Goglia and Skulachev's suggestion [18] that the ATP/ADP antiporter fails to carry out fast export of anions of fatty acid hydroperoxide. Observations (ii)-(iv) indicate that it is the ATP/ADP antiporter rather than UCP that is target for the recoupling effect of GDP in kidney mitochondria. Apparently, the ATP/ADP antiporter cannot transport GDP but can bind GDP in a fashion partially inhibiting transport of ADP as well as of fatty acids, provided that the GDP concentration is sufficiently high.
Materials and methods
Mitochondria were isolated by differential centrifugation from kidneys or livers of white rats weighing about 200 g. Liver mitochondria were isolated as described earlier [13] . For isolation of kidney mitochondria, the homogenization medium contained 250 mM sucrose, BSA (0.5 mg/ml), 2 mM EGTA, 5 mM MOPS-KOH, pH 7.4. After homogenization (the tissue/isolation medium ratio was about 1:8), homogenate was centrifuged at 700×g for 5 min, mitochondria were sedimented at 8000×g for 10 min, resuspended in 1 ml of the isolation medium of the same composition as the homogenization medium but supplemented with higher BSA (3 mg/ml), diluted with 30 ml medium containing 0.5 mg BSA per ml, and centrifuged at 200×g for 5 min. The supernatant was centrifuged at 12,000×g for 10 min. The mitochondrial pellet was resuspended in about 200 μl of isolation medium. Protein concentration in the final mitochondrial suspension was 90-120 mg/ml. Mitochondrial protein content was measured using the Biuret method.
ΔΨ was estimated using the safranin O dye [19] . The difference in the absorbance between at 555 and 523 nm (ΔA) was recorded with an Aminco DW-2000 spectrophotometer in the dual wavelength mode.
The following incubation media were used. (1) Salt incubation medium, 120 mM KCl, 10 μM safranin O, 2 μM rotenone, BSA (0.1 mg/ml), 1 mM EGTA, 5 mM sodium succinate, 5 mM potassium phosphate, 3 mM HEPES-KOH (pH 7.2). (2) Sucrose medium, 250 mM sucrose, BSA (0.1 mg/ml), a respiratory substrate, 1 mM EGTA, 100 μM potassium phosphate, 5 mM MOPS-KOH (pH 7.4). The mitochondrial protein content was 0.5-0.6 mg protein/ml. The temperature was 26°C.
MOPS, palmitic acid, oleic acid, oligomycin, carboxyatractylate, fatty acid-free BSA, GDP, rotenone, HEPES, and succinate were from Sigma; EGTA, safranin O, potassium phosphate, and pyruvate were from Serva; DNP was from Merck; FCCP was from Fluka; KCl was from AnalaR. Sucrose was twice precipitated with bidistilled ethanol from a concentrated solution in bidistilled water. Oleic acid stock solution in bidistilled ethanol (30 mM) was stored at −10°C and diluted to 5 mM oleic acid before experiment. To prepare fatty acid hydroperoxides, we saturated 10 ml waterless acetic acid with dry HBr containing no Br 2 traces at 0°C. In the obtained solution, 2 g oleic acid was dissolved. The mixture was shaken for 3 h at room temperature and evaporated in vacuum. The yellow rest was dissolved in hexane and washed several times by water until pH of a water layer became neutral. Hexane layer was dried by waterless sodium sulfate and filtered through a silica gel. The reaction products were eluted by a mixture of Et 2 O and hexane (1:4) . After drying of the solvents, mixture of brom derivatives of oleate was obtained as a colorless oil crystallizing in several hours. The brom derivatives were dissolved in 40 ml absolute Et 2 O and cooled to 0°C. Then 0.6 ml 97% H 2 O 2 was added. In 5 min, 1.22 g argentum trifluoroacetate in 10 ml absolute Et 2 O was added. The mixture was stirred for 1 h at 0°C and then kept for 10 h at +5°C. After this, AgBr was removed by filtration, solution was dried in vacuum and solvent was chromatographically separated on silica gel. Contamination of oleate was eluted by 15% hexane solution of Et 2 O. As to oleate hydroperoxides, they were eluted by 40-50% hexane solution of Et 2 O. As a result, mixture of 9-hydroperoxioctadecanic and 10-hydroperoxioctadecanic acids was obtained. Structures of compounds synthesized were verified by NMR (for details, see Ref. [20] ).
Oleic acid hydroperoxides were stored in argon-filled sealed ampoule at liquid nitrogen temperature. After opening of an ampoule, its content was diluted with ethanol down to a concentration of about 30 mM, and the solution obtained was stored in argon-filled tubes put into liquid nitrogen. Before experiment, one of the tubes was diluted with bidistilled ethanol down to 5 mM concentration and was stored on ice during the experiment.
To prevent possible detergent effect and inhibition of the respiratory chain, fatty acids were used at low (2-25 μM) concentrations, when uncoupling seems to be mediated by mitochondrial anion carriers as it is suppressed by inhibitors or substrates of these carriers [1, 13, 21] .
In all figures, the typical results of 4-6 experiments were shown.
Results and discussion

Uncoupling efficiency of fatty acids and their hydroperoxides
In the first series of experiments, we compared oleate-and oleate hydroperoxide-induced uncoupling efficiencies. As is seen in Fig. 1A and B , oleate hydroperoxide produced much lower stimulation of the controlled respiration (oligomycin is present) than oleic acid in the kidney as well as the liver mitochondria. This proved to be the case in both the sucrose (Fig. 1) and salt (not shown in figures) incubation media. It should be mentioned that the oleate concentrations used inhibited the DNP-uncoupled respiration only slightly (not shown).
After storing of the stock solution of oleic acid for about 1 month at −10°C, its uncoupling activity decreased probably due to formation of its hydroperoxides. As to the oleic acid hydroperoxide, its storage resulted in an opposite effect, i.e., in an increase in the uncoupling activity which was initially very low (not shown). On the other hand, storage of palmitate does not affect its activity (not shown).
The conclusion concerning higher uncoupling efficiency of oleate compared with its hydroperoxides was confirmed in the study of their effects on ΔΨ. Again, similar results were obtained when either the sucrose (not shown) or salt incubation media (Fig. 2) were used in the assays with pyruvate or succinate as the oxidation substrate.
On the other hand, Jaburek et al. [8] , when comparing effects of linoleic acid and their hydroperoxides on proton conductance of UCP2-containing proteoliposomes, came to the conclusion that hydroperoxides are more efficient than the corresponding fatty acid. One of the explanations for these relationships consists in that (i) it is the ADP/ATP antiporter, rather than UCP, which is responsible for uncoupling by fatty acids in the kidney or liver mitochondria, and (ii) the antiporter is much more active with fatty acids than with their hydroperoxides.
GDP affects ATP/ADP antiporter rather than UCP in kidney mitochondria
In this series of experiments, effects of GDP and CAtr on rat kidney mitochondria were studied. GDP was found to suppress the oleic acid-induced stimulation of the controlled respiration. It should be mentioned that GDP slightly decreased the respiration rate also without added oleate (probably due to an inhibition of uncoupling caused by endogenous fatty acids). CAtr showed stronger coupling effect than GDP on respiration, whereas GDP added together with CAtr was inefficient (not shown).
Under the same conditions, effects of GDP and CAtr on the fatty acid-induced ΔΨ decrease were compared. GDP added before oleate was shown to prevent the ΔΨ lowering. The effect was especially demonstrated if pyruvate was the respiratory substrate, and the sucrose incubation medium was used. Here, GDP as well as CAtr almost completely abolished the ΔΨ decrease caused by the subsequent oleate addition (Fig. 3A) . It should be stressed that such a strong recoupling effect was revealed only in mitochondria showing a high respiratory control ratio. The GDP and CAtr recoupling proved to be incomplete when (i) these recouplers were added to mitochondria stored for 3 h at low temperature (not shown), (ii) GDP and CAtr were added after fatty acid (Figs. 2 and 3) or (iii) initial respiratory control was low even in the fresh mitochondria due to operation of some seasonal factors (not shown). In all these cases, recoupling action of CAtr proved to be larger than that of GDP.
In Fig. 3B , the assay is shown when GDP was added after oleate and CAtr. It is seen that in this case GDP failed to recouple.
CAtr and GDP also diminished the palmitate-induced ΔΨ decrease. However, palmitic acid, being added at the same concentrations as oleic acid, was found to lower ΔΨ not so strongly (not shown). The lower uncoupling activity of palmitic acid compared with oleic acid was described many years ago by Slater and colleagues in experiments with liver mitochondria [22] .
Two observations seem incompatible with the assumption that the GDP-induced recoupling of the fatty acid-uncoupled kidney mitochondria is mediated by UCPs. (1) The UCP level is too low to mediate such an effect, and (2) there are no indications that UCPs can be targets for CAtr (V.N. Popov, unpublished; P. Jezek et al., in press) which was shown to prevent the GDP recoupling (see Fig. 3B ). The latter observation suggests that the CAtrsensitive GDP effects observed are due to interaction of GDP with the ATP/ADP antiporter.
Experiments shown in Fig. 4 revealed that 0.2 mM GDP fails to substitute for ADP in a ΔΨ lowering effect at the State 4 -State 3 transition but partially arrests the ΔΨ lowering caused by subsequent adding ADP. The GDP effect was observed only if the ATP/ADP antiporter activity was decreased by a low concentration of CAtr. This CAtr amount, being too small to inhibit the ADP-induced ΔΨ fall at the State 4 -State 3 transition (Fig. 4A ), proved to be sufficient to observe some GDP inhibition of the ADP effect (Fig. 4B ). Without CAtr, no measurable GDP effect was found (not shown). The data of Fig. 4 indicate that GDP can interact in an inhibitory fashion with kidney-inherent isoform 2 of the ATP/ADP antiporter but cannot be translocated by this carrier. In this context, data by Brand and coworkers [10] should be noted. They showed that 4-hydroxy-2-nonenal, a product of the fatty acid peroxidation, uncouples kidney mitochondria and such an uncoupling can be almost completely prevented by either GDP or CAtr.
In conclusion of this section, one can suggest the following. (1) It is the ATP/ADP antiporter that is mainly responsible for the fatty acid-induced uncoupling of the initially tightly coupled kidney and liver mitochondria (since in such mitochondria CAtr prevents the uncoupling). (2) In the loosely coupled mitochondria, the CAtr-insensitive fraction of uncoupling appears. (3) The above relationships are inherent in recoupling by 0.2 mM GDP. (4) The ATP/ADP antiporter seems to be the target of the recoupling GDP effect. In any case, it is obvious that the recoupling effect of GDP on mitochondria cannot be considered as a specific probe for involvement of a UCP in the fatty acid-mediated uncoupling. Rather, this effect is directed to the ATP/ADP antiporter.
